Molecularly Engineered “Janus GroEL”: Application to Supramolecular Copolymerization with a Higher Level of Sequence Control by Kashiwagi, Daiki et al.
Subscriber access provided by Caltech Library
is published by the American Chemical Society. 1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society. However, no copyright claim is made to
original U.S. Government works, or works produced by employees of any Commonwealth realm Crown government in the
course of their duties.
Communication
Molecularly Engineered “Janus GroEL”: Application to Supramolecular
Copolymerization with a Higher Level of Sequence Control
Daiki Kashiwagi, Hao K. Shen, Seunghyun Sim, Koki Sano, Yasuhiro Ishida, Ayumi Kimura, Tatsuya Niwa, Hideki Taguchi, and Takuzo Aida
J. Am. Chem. Soc., Just Accepted Manuscript • DOI: 10.1021/jacs.0c05937 • Publication Date (Web): 21 Jul 2020
Downloaded from pubs.acs.org on July 21, 2020
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.
 
Molecularly Engineered “Janus GroEL”:  Application to Supramolec-
ular Copolymerization with a Higher Level of Sequence Control 
Daiki Kashiwagi,†,⊥ Hao K. Shen,†,⊥ Seunghyun Sim,∀ Koki Sano‡, Yasuhiro Ishida‡, Ayumi Kimura∥, Tatsuya 
Niwa,§ Hideki Taguchi,§ and Takuzo Aida*,†,‡ 
† Department of Chemistry and Biotechnology, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan 
∀ Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 91125, United States 
∥ Institute of Engineering Innovation, The University of Tokyo, 2-11-16 Yayoi, Bunkyo-ku, Tokyo 113-8656, Japan 
§ Cell Biology Center, Institute of Innovative Research, Tokyo Institute of Technology, Midori-ku, Yokohama, 226-8503, Japan 
‡ RIKEN Center for Emergent Matter Science, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan  
ABSTRACT: Herein, we report the synthesis and isolation of a shape-persistent Janus protein nanoparticle derived from biomolecular machine 
chaperonin GroEL (AGroELB) and its application to DNA-mediated ternary supramolecular copolymerization.  For synthesizing AGroELB 
with two different DNA strands A and B at its opposite apical domains, we utilized the unique biological property of GroEL, i.e., “Mg2+/ATP-
mediated ring exchange” between AGroELA and BGroELB with their hollow cylindrical double-decker architectures.  This exchange event was 
reported more than 24 years ago but has never been utilized for molecular engineering of GroEL.  We leveraged DNA nanotechnology to purely 
isolate Janus AGroELB and succeeded in its precision ternary supramolecular copolymerization with two DNA comonomers A** and B* that 
are partially complementary to A and B in AGroELB, respectively, and programmed to self-dimerize on the other side.  Transmission electron 
microscopy allowed us to confirm the formation of an expected dual-periodic copolymer sequence -(B*/BGroELA/A**/A**/AGroELB/B*)- in the 
form of a laterally connected lamellar assembly, rather than a single-chain copolymer.
The research field of supramolecular polymerization1 has remark-
ably progressed in the last two decades through a better understand-
ing of its kinetic aspect along with the utilization of varying multiva-
lent interactions for the connection of monomers.2  This progress al-
lowed for a conceptual expansion of supramolecular polymerization 
to the development of a variety of innovative functional materials 
that are environmentally friendly, stimuli-responsive, self-healable, 
and adaptive.2c  One of the clear advantages of supramolecular 
polymerization over conventional covalent polymerization is that 
one can use unconventional monomers.3  In 2009, we reported the 
supramolecular polymerization of molecular chaperone GroEL, an 
ATP-responsive biomolecular machine.3b  GroEL adopts a double-
decker hollow cylindrical architecture with two heptameric rings, 
each comprising seven identical protein subunits.  This hollow cyl-
inder is 14.6 nm long with an outer diameter of 13.7 nm, and its mo-
lecular weight is nearly 800 kDa.4  The biological function of GroEL 
is to entrap denatured proteins in its cavity and assist their refolding, 
in which ATP-driven mechanical motions of GroEL is known to play 
a vital role.5  As for its supramolecular polymerization, we reported 
in 2009 that GroEL with merocyanine (MC) units at its apical do-
main (MCGroELMC) serves as the monomer, and the multivalent 
MC/Mg2+ interaction between MCGroELMC gives rise to a thermally 
stable nanotubular polymer.3b  Furthermore, this nanotubular poly-
mer can serve as a tumor-specific drug carrier because it dissociates 
into short-chain oligomers upon treatment with ATP, which is 
highly concentrated due to overexpression in inflammatory (tumor) 
sites.6, 7 Recently, we also synthesized GroELs carrying DNA strands 
 
Figure 1.  Schematic representations of (a) the synthesis of DNA-
appended Janus GroEL “AGroELB“ from a mixture of AGroELA and 
BGroELB via “ring exchange” fueled by ATP hydrolysis, and its applica-
tion to (b) precision ternary supramolecular copolymerization with two 
DNA comonomers A** and B* that are partially complementary to DNA 
strands A and B in AGroELB, respectively, and self-dimerize on the other 
side, with their terminal six nucleotides.  The copolymer from AGroELB, 
A**, and B* would afford a structure with a dual-periodic sequence.  For 
the chemical structures of A, B, A**, and B*, see Table 1. 
 
Page 1 of 7
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 
at their apical domains and succeeded in their binary alternating su-
pramolecular copolymerization using the complementarity of the 
DNA strands.8  Such sequence-specific, supramolecular copolymers 
containing biomolecular machines would have a high potential for 
contributing to the progress of nanobiotechnology.9 
In the present paper, we tackled precision ternary supramolecular 
copolymerization using the GroEL platform.  Synthesis of ternary 
supramolecular copolymers with regular periodic sequences still re-
mains a big challenge10 due to the limited number of available or-
thogonal connecting motifs under competitive conditions11 and an 
essential difficulty in visualizing copolymer sequences.12  We focused 
attention on a Janus GroEL carrying different DNA strands A and B 
at its opposite apical domains AGroELB.   Janus protein nanoparticles 
have attracted significant attention for their unique dual surface 
functionalities useful for various applications.13  More than 24 years 
ago, Horwich et al.14a and one of us14b reported the formation of a Ja-
nus GroEL via Mg2+/ATP-mediated ring exchange between two dif-
ferent GroELs, confirmed by gel electrophoresis.14  Namely, when a 
mixture of functionalized AGroELA and BGroELB is subjected to this 
reaction, one may generate Janus AGroELB with two rings from dif-
ferent origins (Figure 1a).  Despite its unique geometry and poten-
tial use for nanobiotechnology, isolating a sufficient amount of Janus 
AGroELB from the reaction mixture is inherently challenging and has 
been an unsolved issue.  After initial struggles, we reasoned that 
DNA nanotechnology might be useful for this purpose.  According 
to the procedures described in Figure 2, we successfully isolated Ja-
nus AGroELB and attempted ternary supramolecular copolymeriza-
tion of AGroELB with a mixture of two DNA comonomers A** and 
B* (Figure 1b).  They are partially complementary to DNA strands 
A and B in AGroELB, respectively, and are programmed to self-di-
merize on the other side.  As highlighted in this paper, we also 
succeeded in precision ternary supramolecular copolymerization 
with a high level of sequence control, resulting in the product of a 
lamellar assembly with a dual periodic sequence (Figure 4). 
For the synthesis of AGroELB, we first prepared two GroEL-DNA 
conjugates AGroELA and BGroELB using a cysteine-appended mu-
tant of GroEL, CA-K311C/L314C (cysGroELcys), carrying 14 cyste-
ine residues at each apical domain (Table 1, see Supporting Infor-
mation Method 1.2).8  The reaction mixture was subjected to SDS 
polyacrylamide gel electrophoresis (SDS-PAGE), which indicated 
that the conjugation yields with DNA strands A and B were both 
nearly 80% (Figure S1).  Then, we attempted to generate a DNA-
appended Janus GroEL, AGroELB, via ring exchange between AGro-
ELA and BGroELB (See Supporting Information Method 1.3).  Thus, 
a mixture of AGroELA and BGroELB (1.5 µM each, 50 mM Tris-HCl, 
100 mM KCl, 20 mM MgCl2, pH 7.6) was treated with 5 mM ATP 
(total volume = 52 µL) and subsequently incubated at 37 °C.  After 
10 min, the reaction mixture in size exclusion chromatography 
(SEC) showed a single elution peak because the hydrodynamic vol-
umes of three GroELs are similar to each other (Figure 2a).  Subse-
quently, 30 equivalents of 100-nt DNA strand A’ (Table 1), which 
was designed to be complementary only to DNA strand A, was 
added to a mixture of AGroELA, AGroELB, and BGroELB (Figure 2a) 
in Tris buffer.  The SEC profile of the reaction mixture, after being 
incubated at 25 °C for 1 h, showed three distinctive elution peaks as-
signable to A’/AGroELA/A’, A’/AGroELB, and BGroELB (Figure 2b).  
We collected a fraction containing a mixture of A’/AGroELA/A’ and 
A’/AGroELB and treated it at 25 °C with a mixture of A’’ (Table 1) 
[2.8 nmol], which was designed to remove A’ from A’/AGroELA/A’ 
and A’/AGroELB via the toehold-driven DNA exchange, and B’ (Ta-
ble 1) [1.2 nmol], which is a 60-nt DNA strand complementary to B.  
After being incubated for 1 h, the reaction mixture in SEC showed 
Table 1.  List of complementary DNA pairs employed for the present study. 
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two elution peaks assignable to AGroELB/B’ and AGroELA (Figure 
2c), where the difference in the peak elution volumes of A’/AGroELB 
in Figure 2b and AGroELB/B’ in Figure 2c reflects that DNA strand B’ 
is shorter by 40-nt bases than DNA strand A’.  We then collected a 
fraction containing AGroELB/B’ and treated it at 25 °C with DNA 
strand B’’ (Table 1) [1.4 nmol], which was designed to form a stable 
duplex with B’ to remove it from AGroELB/B’ (Figure 2d).  After 1 h, 
the reaction mixture showed a single elution peak due to the for-
mation of Janus AGroELB, which was isolated (Figure 2d) in the to-
tal yield of 2.5% (Figure S2). 
By taking advantage of the Janus architecture,13 we succeeded in 
precision ternary supramolecular copolymerization of AGroELB 
with two different DNA comonomers.  For the copolymerization, to 
a Tris-HCl buffer solution of AGroELB (0.1 µM, 50 mM Tris-HCl, 
100 mM KCl, 100 mM MgCl2, pH 7.6, Figures 3b and S3) was added 
a mixture of DNA comonomers A* (19-nt) and B* (19-nt) that are 
partially complementary to DNA strands A and B in AGroELB, 
 
Figure 2.  Schematic illustration of the isolation of DNA-appended Ja-
nus GroEL AGroELB, and their SEC traces of the individual steps: (a) 
To a mixture of AGroELA and BGroELB was added ATP to activate the 
ring exchange, generating Janus AGroELB.  (b) Incubation of the reac-
tion mixture with 100-nt DNA strand A’, which is complementary to 
DNA strand A in AGroELB, resulted in yielding three different hybridi-
zation products A’/AGroELA/A’, A’/AGroELB, and BGroELB, which corre-
spond to three distinctive elution peaks in SEC.  (c–d) A fraction con-
taining A’/AGroELA/A’ and A’/AGroELB, was collected and treated with a 
mixture of DNA strands 15-nt A’’ and 60-nt B’, to remove A’ from 
A’/AGroELA/A’ and A’/AGroELB and hybridize B’ with B in resultant AGro-
ELB.  Finally, the fraction containing AGroELB/B’ was collected and 
treated with 15-nt DNA strand B’’ to remove B’ from AGroELB/B’. 
 
Figure 3.  (a) Schematic illustration of the ternary supramolecular co-
polymerization of AGroELB with a mixture of DNA comonomers A* and 
B* (Table 1), yielding a regularly periodic lamellar assembly, where 
GroEL units are connected by DNA linkers -A/A*/A*/A- and -
B/B*/B*/B-.   (b–e) TEM images of (b) AGroELB alone, (c) a mixture 
of AGroELB and A*, (d) a mixture of AGroELB and B*, and (e) the co-
polymerization mixture, all stained with uranyl acetate.  For the copoly-
merization, a mixture of  AGroELB (0.1 µM), A* (10 µM), and B* (10 
µM) in Tris buffer (50 mM Tris-HCl, 100 mM KCl, 100 mM MgCl2, pH 
7.6) was allowed to cool slowly from 45 °C to 20 C° at a rate of 
0.03 °C/min. 
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respectively, but are programmed to self-dimerize at their residual 
terminal regions (Table 1).  Subsequently, the mixture was allowed 
to cool slowly from 45 °C to 20 °C at a rate of 0.03 °C/min and sub-
jected to transmission electron microscopy (TEM).  To our surprise, 
what we observed was not a single-chain copolymer (Figure 1b), as 
reported in our previous work,8 but a periodic lamellar assembly 
(Figures 3e and S4).  Nevertheless, together with an additional ex-
perimental result that only a short-chain oligomer (presumably a di-
mer) formed if either A* or B* was added to AGroELB (Figures 3c 
and 3d), the longitudinal periodicity observed in Figure 3e suggests 
that the lamellar assembly comprises laterally associated copolymer 
chains with a desired periodic sequence -(B*/BGroELA/A*/A*/AGro-
ELB/B*)- (Figure 3a).  Judging from the magnified TEM image (Fig-
ures 3e), the average width of the brighter layers is 15.0 ± 0.6 nm, 
close to the distance between two apical domains of GroEL (14.6 
nm).  The darker layers are also uniform, with an average width of 
4.8 ± 0.4 nm (Figures 3e).  Nevertheless, we found that even binary 
supramolecular copolymerization of AGroELA with A* gave a lamel-
lar assembly with a similar periodicity to that in Figure 3e (Figures 
S5–S7).  So, at this stage, it was not evident whether the precision 
ternary supramolecular copolymerization with a high level of se-
quence control indeed took place or not. 
Having such a reservation in mind, we attempted ternary supra-
molecular copolymerization of AGroELB with DNA comonomers 
A** and B* (Figure 4a).  Newly employed A** was expected to play 
the same role as A*, except that it consists of 2 strands forming a par-
tial duplex structure in the middle and is distinctly longer than A* 
(Table 1).  Hence, if the ternary supramolecular copolymerization 
among AGroELB, A**, and B* proceeds ideally with a high level of 
precision and likewise gives a lamellar assembly, we should observe 
a dual-periodic geometry15 as expected from the desired copolymer 
sequence -(B*/BGroELA/A**/A**/AGroELB/B*)-, because the linkage -
A/A**/A**/A- to connect GroELs is distinctly longer than -
B/B*/B*/B-.  The lower magnification TEM micrograph of the re-
action mixture, obtained under conditions analogous to those in Fig-
ure 3, showed the formation of several micrometer-long fibrous bun-
dles (Figure 4b).  As shown in Figure 4c, the magnified TEM image 
of the reaction mixture again displayed a lamellar assembly featuring 
the alternate appearance of brighter and darker layers originating 
from AGroELB and DNA, respectively.  As determined by the mag-
nified TEM image, the average width of the brighter layers is 15.4 ± 
0.7 nm, which is close to the distance between two apical domains of 
GroEL (14.6 nm) (Figures 4c and 4d).  Importantly, the darker lay-
ers have two different widths, 8.2 ± 0.7 nm and 4.9 ± 0.7 nm, which 
appeared alternately, where the width ratio of two darker layers (1.7) 
is close to the ratio of the nt base numbers in two DNA linkages -
A/A**/A**/A- and -B/B*/B*/B- (1.6).  These observations unam-
biguously indicate that the ternary supramolecular copolymeriza-
tion product is a dual-periodic lamellar assembly with a high level of 
sequence control, where the non-symmetric feature of Janus AGro-
ELB plays a critical role. 
It should also be noted that the TEM images in both Figures 3e 
and 4c showed a lateral periodicity of 7.6 nm, which is close to half 
the cylindrical diameter of GroEL, suggesting that the GroELs units 
certainly adopt an in-plane hexagonal packing (Figure S8). One 
more thing we should comment here is why the lamellar assembly 
formed, rather than single-chain copolymers.  In our previous report 
on binary supramolecular copolymerization,8 short complementary 
DNA strands (10 to 15 nt) were directly attached to the apical do-
mains of GroEL.  In sharp contrast, the ternary supramolecular co-
polymers in the present study consist of two DNA bridges -
A/A*/A*/A- and -B/B*/B*/B- in Figure 3 and  -A/A**/A**/A- 
and -B/B*/B*/B- in Figure 4, which are obviously longer than the 
previous case (Table 1) and presumably have a higher degree of con-
formational freedom.  Hence, the lateral association of AGroELB via 
non-covalent crosslinking of the DNA strands may occur concomi-
tantly with its longitudinal connection, resulting in the bundling of 
adjacent copolymer chains to afford lamellar assemblies. 
In summary, molecularly engineered “Janus GroEL” debuted as a 
new tool for nanobiotechnology,9, 13 which was made possible by tak-
ing advantage of the intrinsic “ring exchange” reaction of GroEL14 
together with the DNA hybridization technology.16  As described in 
the introductory part, sequence control in multicomponent supra-
molecular copolymerization, which we tackled in the present work, 
is one of the biggest challenges in the field of supramolecular 
polymerization,10, 11, 12 since multiple molecular interactions that or-
thogonally operate under competitive conditions must be properly 
selected.11  Furthermore, the issue of how to visualize and identify 
copolymer sequences is yet to be universally addressed despite rapid 
technological progress in related fields.12  Due to its high level of se-
quence control, the dual-periodic protein/DNA lamellar assembly 
obtained in this study was successfully characterized.15  It is 
 
Figure 4.  (a) Schematic illustration of the ternary supramolecular co-
polymerization of AGroELB with a mixture of DNA comonomers A** 
and B* (Table 1), yielding a dual-periodic lamellar assembly, where 
GroEL units are connected by DNA linkers -A/A**/A**/A- and -
B/B*/B*/B- with distinctly different lengths.  (b–d) TEM images of the 
copolymerization mixture with (b) low and (c) high magnifications, 
stained with uranyl acetate, and (d) an average TEM intensity profile of 
the lamellar assembly.  For the copolymerization, a mixture of AGroELB 
(0.1 µM), A** (10 µM), and B* (10 µM) in Tris buffer (50 mM Tris-
HCl, 100 mM KCl, 100 mM MgCl2, pH 7.6) was allowed to cool slowly 
from 45 °C to 20 C° at a rate of 0.03 °C/min. 
 
Page 4 of 7
ACS Paragon Plus Environment
Journal of the American Chemical Society
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 
important to note that such an ordered architecture can be precisely 
constructed by ternary supramolecular copolymerization, where 
three components are required to follow the assembling program 
strictly.  Considering that GroEL is a biomolecular machine to in-
duce mechanical motions in response to ATP, Janus GroEL will find 
its great utility as a tool for nanobiotechnology.6, 7, 17  
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